The mass transfer modeling of adsorption process inside the fixed-bed column is done through kinetic study of the process. This work includes the parametric analysis of adsorption of CH 4 /CO 2 gas mixture inside packed-bed nanoporous media through Computational Fluid Dynamics (CFD) approach. The adsorbent used to capture CO 2 is nanoporous activated carbon. Simulations are performed in ANSYS FLUENT® 14. The three dimensional model used for simulation purposes takes into account the equilibrium and kinetic properties. The adsorption properties are defined through the use of user defined function (UDF). The parametric study involves the investigation of influence of two operating factors namely inlet gas feed flow rate and carbon dioxide feed concentration on the adsorption process and on the carbon dioxide removal efficiency of the process.
Introduction
The increase in atmospheric concentration of carbon dioxide is proving to be detrimental for the environment and will ultimately result in global climate change [1] . It is estimated that since the time of industrial revolution to 2015, atmospheric CO 2 concentration has risen to a value of 401 ppm [2] . This trend will continue to rise if anthropogenic sources of emission are not properly regulated. Different techniques have been proposed in order to capture CO 2 from flue gases on large scale. These techniques include cryogenic distillation, membrane purification, absorption using liquids and adsorption by employing solid adsorbents [3] . All the concerned methods involved in separation process have certain advantages and disadvantages. Cryogenic distillation is not widely used for gas separation due to high energy cost. Membrane can be highly efficient as separating agents especially when the species to be separated is present in large concentrations. Usually CO 2 is captured in post-combustion process as minor component of off-gases; membranes may not be the most efficient agent for separation. Absorption processes for CO 2 separation using liquid media are also well established. Adsorption processes using solid adsorbents for separation are used widely as these adsorbents either involve physisorption or strong chemisorption interactions. Solid adsorbents are classified in different categories as zeolites, calcium oxides, activated carbons, hydrotalcites and metal-organic frameworks [3] .
In Malaysia, solid agricultural waste is highly abundant and can be utilized effectively. For this work, activated carbons derived from palm mesocarp fibre are used as an adsorbent to study the adsorption process. Activated carbons can prove to be useful as adsorbents as they have both microporous and mesoporous surfaces. Activated carbons find enormous applications in industry due to their effectiveness as capturing agent [4] .
Several different mass transfer models have been proposed to model and simulate adsorption inside fixed-bed column which include linear driving force, quadratic driving force or pore diffusion model [5] . In this study, Computational Fluid Dynamics (CFD) approach has been utilized to determine the mass transfer phenomenon of CO 2 /CH 4 gas mixture inside the high-pressure volumetric analyzer (HPVA) chamber filled with the adsorbent. The parameters to be investigated are gas inlet feed flow rate and inlet feed composition.
The flow visualization of adsorption phenomenon at laboratory scale is performed under the influence of two operating parameters. The parameters to be investigated are gas feed flow rate and inlet feed composition. The results provide an insight on adsorption process modeling in the fixed bed and performance of the Malaysian agro-waste based adsorbent inside the bed in terms of removal efficiency for carbon dioxide.
CFD Model and Flow Setup
Integrated CFD approach has been used to model adsorption dynamics in the fixed bed column. The model is based on convective-diffusive mass transfer. Inlet feed concentrations of CO 2 /CH 4 are varied on the basis of natural gas treatment system. The column operation is considered to be isothermal due to the small length-scale of HPVA column.
Following are the assumptions considered to model adsorption mechanism:
• The adsorption between both the gases is competitive.
•
Heat transfer within the bed is not taken into account. • Mass transfer is represented by Linear Driving Force (LDF) model.
The mass transfer coefficient takes into account the external fluid film resistance and macropore diffusion.
The porosity is considered to be constant. The flow dynamics is modeled as the modified Darcy's law combined with laminar Navier-Stokes equations. A detailed discussion on the validity of the use of 'Darcy-Brinkman-Forchheimer' model can be found in literature [6, 7] .
Bed porosity is calculated by using the following expression [8, 9] :
A, B and n are the constants dependent on the shape of particles whereas D and d are vessel diameter and particle diameter respectively.
The general mass balance equation for the column is expressed as:
The rate of adsorption based on linear driving force (LDF) model is:
Multi-component Langmuir model is used to evaluate the intraparticle concentration inside the adsorbent particle.
Where, A= CO 2 ; B= CH 4 ; b i is equilibrium constant. The governing equations to be solved by the solver include conservation equations of mass and momentum along with mass balance. The mass transfer rate is described through user defined function (UDF). Flow properties inside domain and porous media properties are summarized in Table 1 and Table 2 respectively. 
CFD Model Validation
The adsorption isotherms for methane and carbon dioxide were measured using a static volumetric technique. The adsorbent was filled in High Pressure Volumetric Analyzer (HPVA) chamber and the adsorption process was carried out. The line was purged with helium before the start of the experiment. The next step was dosing of the gas mixture to the system. The valve between the loading and sample cell was opened to allow gas contact with the adsorbent. The holding time for each pressure interval was set in order to make sure that the equilibrium was achieved. At the point of equilibrium, amount of gas adsorbed and the final pressure were recorded. The process was repeated at certain pressure intervals until maximum pre-selected pressure was achieved. The isotherm was obtained by plotting the volume adsorbed of gas against equilibrium pressure. The setup is shown in Figure 1 .
The CFD model is validated by comparing the simulation and experimental results for gas mixture adsorption at inlet feed flow rate of 50cm 3 /min with the inlet CO 2 /CH 4 concentration of 20%/80%. Based on Figure 2 and Figure 3 , experimental and simulation results are in close agreement with an error of 4% in total. In order to probe the process, CO 2 concentration factor contours are taken along the bed by varying gas feed flow rates. Figure 4 shows the variation in the contours along the height of the bed by changing feed flow rate from 50cm 3 /min to 250cm 3 /min with constant CO 2 inlet concentration, whereas concentration factor is the ratio of outlet concentration of gas to inlet concentration, C out /C in . It can be observed from the figure that concentration factor is reducing along the adsorption bed. The bed adsorbs most of the gas at the entrance and is saturated faster. Since the region is saturated earlier, the amount of un-adsorbed CO 2 is increased and higher concentration factor at the entrance region is observed. As the upstream bed region adsorbs most of the carbon dioxide so it results in the decrease of concentration factor along the height of the column. Cavenati et al. observed a similar trend in case of CO 2 /CH 4 /N 2 gas mixture separation [10] . Lucas et al. studied the influence of CO 2 inlet feed flowrate by varying it from 0.12-0.36 kg/hr for the adsorption of CO 2 onto activated carbon inside the fixed bed at laboratory scale. The results showed decreased adsorption capacity at higher feed flowrate of the gas and breakthrough had a smaller mass transfer zone at higher feed rates as similar to the results obtained in this study [11] . Rodrigo et al. also investigated the effect of inlet feed flow rate (15-50mL/min) of carbon dioxide to study the removal efficiency of amine functionalized mesoporous silica adsorbent in the fixed bed. Their findings showed a decrease in removal efficiency of the adsorbent with the increase in feed flow rate due to short retention time [1] Besides this, higher feed flow rate is also another important factor which is influential as it affects the concentration factor values along the column. Due to higher feed flow rate, the amount of un-adsorbed CO 2 is increased as the gas residence time inside the domain is reduced. The radial contours for carbon dioxide concentration factor are presented in Figure 5 . The removal efficiency of the process for the effect of inlet feed flow rate is shown in Figure 6 . The removal efficiency is calculated as η= (1-C out /C in ). 
Effect of Feed velocity on bed CO 2 concentration factor

Effect of CO 2 feed concentration (C 0 )
The evolution of CO 2 concentration factor at different inlet concentrations at a fixed inlet flow rate is shown in Figure 7 in terms of contours. The results are obtained for the development of carbon dioxide concentration factor at different feed concentrations as stated in Table 1 . The comparison of concentration factor profiles indicates that higher concentration factor values are obtained when the gas inlet concentration is also high. It shows the lower adsorption capacity on the part of adsorbent. It is due to the reason that at higher gas concentration, the bed achieves saturation faster due to the accumulation of molecular CO 2 in gas phase. Delgado et al. varied the CO2 inlet feed concentration to first 34% and then 56% in CO 2 /CH 4 gas system in the fixed bed using sepiolite adsorbent. The overall removal of carbon dioxide showed an increase with the increase in inlet concentration. Methane recovery was found to higher with the increase in methane inlet concentration [12] . Nouh et al. found the similar results as this study for the removal of carbon dioxide in CO 2 /CH 4 gas system using zeolite adsorbent. The findings showed an increase in CO 2 adsorption at higher feed concentrations but the overall removal efficiency for carbon dioxide decreased with the increasing CO 2 content in feed concentration [13] . The radial profiles for carbon dioxide concentration factor are also taken into account and are shown in Figure 8 .
The removal efficiency of the process under the influence of various inlet feed concentration of carbon dioxide is shown in Figure 9 . Based on the comparison, increase in inlet gas concentration from 10% to 50% reduces the carbon dioxide removal efficiency from 47.8% to 15.9%. It shows that low concentration exhibits higher influence on CO 2 removal efficiency as compared to higher CO 2 concentration. Also, the magnitude of change in removal efficiency at relatively higher CO 2 concentration is reduced. Higher inlet gas concentration results in the limitation of adsorbent bed capacity. 
Conclusion
The adsorption phenomenon for CH 4 /CO 2 gas mixture inside the high pressure volumetric analyzer (HPVA) chamber is simulated through CFD approach. The convective-diffusive mass transfer model is based on first order kinetics and heat transfer within the bed is not taken into account as it is negligible. Inlet feed flow rate and carbon dioxide inlet feed concentration are the two operating parameters which influence the performance of the process of the process effectively and their effect is accordingly investigated.
In case of gas feed flow rate; results showed a decrease in CO 2 removal efficiency as the inlet feed velocity of the gas is increased. This phenomenon is observed as the gas residence time inside the bed is shortened with the increase in feed flow rate. This affects the process removal efficiency and results in decrease of the efficiency. For feed composition, carbon dioxide removal efficiency reduces with the increase in inlet feed concentration percentage of the gas. This trend can be explained on the basis that the adsorbent bed is saturated earlier at higher inlet feed concentration and thus limits the capacity of the bed.
